It has recently been proposed that phenotypic variation in clonal populations of bacterial species results from intracellular "noise," i.e., random fluctuations in levels of cellular molecules, which would be predicted to be insensitive to selective pressure. To test this notion, we propagated five populations of Bacillus subtilis for 5,000 generations with selection for one phenotype: the decision to sporulate. In support of the noise hypothesis, we report that none of the populations responded to selection by improving their efficiency of sporulation, indicating that intracellular noise is independent of heritable genotype.
It has recently been proposed that phenotypic variation in clonal populations, observed in a number of prokaryotic species (5, 16, 17, 24) , results from a stochastic element in gene expression and biochemical reactions within the cell (5, 11, 13, 17, 20) . Such random fluctuations, dubbed intracellular noise, could be responsible for triggering the decision of subpopulations of cells to embark on differing developmental pathways, resulting ultimately in a phenotypically heterogeneous population of cells with little or no genetic diversity.
The response of genetically clonal populations to adverse environments by spontaneously fragmenting into heterogeneous subpopulations would, in principle, benefit these populations by increasing their phenotypic variability, thus placing them in a better position for survival. In evolutionary terms such a strategy may represent a significant adaptation to environments that are themselves in constant flux, as the probability of individual cells from the population surviving and proliferating no matter what the future environment may entail is increased. In this adaptive model, constant environmental conditions might be expected to reduce intracellular noise because population fragmentation would no longer be adaptive, resulting in one specific developmental response dominating the population.
Clonal populations of the bacterium Bacillus subtilis are good models for studying the stochastic element in gene expression and how it relates to adaptation and survival. Upon exhaustion of local nutrients and entrance into stationary phase, single cells within a clonal B. subtilis population have the potential to embark on a number of different developmental pathways, each of which may promote survival depending on the environment. These include synthesis of extracellular polymer-degrading enzymes (15) , competence for DNA uptake (4), motility and chemotaxis (7, 14) , biofilm and fruiting body formation (2), adaptive mutagenesis (25) , and cellular differentiation into dormant and resistant spores (18, 19) . However, there is mounting evidence that in B. subtilis only a certain fraction of cells within a population actually embark on a particular pathway. Only about 5 to 10% of cells induced for competence actually become competent (9, 23) , and only a small fraction of stationary-phase cells exhibit adaptive mutagenesis (25) . Furthermore, in B. subtilis laboratory populations induced for the sporulation response, only a subpopulation of cells expressed genes needed for entrance into sporulation and completed the process of sporulation (3). Because the entrance into many of these developmental pathways is dependent on threshold levels of certain key regulator molecules (3, 4, 8, 18) , random fluctuations in the concentration of these molecules among individual cells may result in phenotypic fragmentation of populations. These experiments suggest that the variation in decisions made by individual B. subtilis cells upon entrance into stationary phase may be the result of stochastic processes instead of underlying genetic variation.
If stochastic variation in gene expression within a clonal population of cells is not encoded within the genome, one would predict that strong directional selection for one particular developmental response would be unsuccessful, because selection would not be able to act on random molecular fluctuations. Using this logic to test the intracellular-noise hypothesis, we propagated five populations of B. subtilis in the laboratory for greater than 5,000 generations and at approximately seven-generation intervals imposed a total of over 800 selection events for the formation of heat-resistant spores. Our results suggest that the proximate decision to embark on the sporulation pathway is not encoded in the genome, as none of the five populations showed any response to selection after over 5,000 generations of directional selection for enhanced efficiency of spore formation.
Five replicate populations of B. subtilis strain WN628 (trpC2 amyE::cat) were subjected to strong selection for spore formation at approximately seven-generation intervals by the following protocol. Spores were inoculated into 10 ml of Schaeffer's sporulation medium (SSM) (22) and cultivated aerobically at 37°C. Spores germinated, and cells grew exponentially for approximately seven generations (ϳ4 to 5 h) and then entered the stationary phase, during which the decision whether or not to initiate sporulation is made. Approximately 24 h after inoculation, an aliquot of each population was subjected to a heat shock (80°C, 10 min) which is lethal to vegetative cells but which spores readily survive. The heat-shocked culture was then diluted 1:100 into fresh SSM, and the process was repeated. In each of the five populations only those cells that had embarked on and completed the sporulation pathway would survive the heat selection and be propagated in the next growth cycle.
At 50-generation intervals, one of the five experimental populations was chosen on a rotating basis for enumeration of both total viable cells and spores and the percentage of sporulation was calculated. From visual inspection of a plot of the percentage of sporulation versus time from generation 0 to generation Ͼ5,000 it appeared that there was no significant increase in the efficiency of sporulation over the course of the experiment (Fig. 1) . This observation was supported by regression analysis and analysis of variance (ANOVA) ( Fig. 1 ; best-fit line, r 2 ϭ 0.011; P ϭ 0.4047). Further analyses done by grouping sporulation frequencies from all cultures in 500-generation intervals also revealed that there was no significant increase in the efficiency of sporulation (data not shown; r 2 ϭ 0.107; P ϭ 0.5736).
Because fluctuations in the laboratory environment during the Ͼ2-year duration of this experiment (e.g., different batches of media, different incubators used for growth, etc.) could possibly have influenced the response to selection for sporulation, we performed the following experiment, in which all environmental factors were strictly controlled. Twenty-four numbered identical 10-ml sporulation cultures were prepared with the same batch of SSM and inoculated at a 1:100 dilution with 24 identical aliquots of heat-shocked spores taken from a single seed culture of strain WN628. All cultures were cultivated for 24 h in the same shaker, and then, as described above, sporulation frequencies were measured at 24 h of growth and heat-shocked spores from each numbered flask were inoculated into a new flask of the same number containing fresh SSM from the same batch as the first set of cultures. After another 24 h of incubation of the second set of 24 flasks, sporulation frequency was again determined. The results of this experiment (Fig. 2) , in which sporulation frequency of the first culture is plotted against that of the second culture, again indicated a very low correlation of sporulation efficiency between the two sets of cultures (r 2 ϭ 0.016; P ϭ 0.5520), again indicating that the decision to sporulate was largely not heritable.
While it is clear that none of the five populations responded to direct selection for sporulation by increasing their sporulation efficiency, the hypothesis that this is caused by nonheritable fluctuations in gene expression is not the only possible explanation. Below we discuss three possibilities for the lack of response to selection.
(i) Mutation-limited selection. Selection can work only on existing genetic variation in populations. Thus if a population exhibits low levels of genetic variation, selection may be ineffective at eliciting a response. Initially, the possibility of mutation limitation in the evolving populations was worrisome, as all populations were started from a single clone of strain WN628. However, we noted that during evolution an increase in the mutation rate to up to an order of magnitude higher than that of the ancestral strain occurred in all five replicate populations (Table 1) . With this level of mutational input, coupled with the large effective population sizes of these populations (ϳ10 8 cells), it seems very unlikely that mutations are a limiting factor in the response to selection.
(ii) Antagonistic pleiotropy. It is possible that the decision to sporulate could be genetically encoded but that the gene(s) responsible is under another selective constraint in an opposing direction during another period in the life cycle. This seems very unlikely because the majority of sporulation genes are not expressed until growth has ceased and development has been initiated (6) and because all genes required for sporulation have recently been shown to be nonessential for viability and growth (10) .
(iii) Sporulation efficiency is already optimized. It is possible that the process of sporulation is already evolutionarily optimized in this specific strain of B. subtilis such that selection is unable to increase the frequency of sporulation. This does not seem likely because two natural isolates of B. subtilis, one obtained from the interior of Sonoran desert basalt (1) and the other isolated at NASA Jet Propulsion Laboratories (kindly provided by K. Venkateswaran), were tested for their efficiency of sporulation in SSM and showed average sporulation efficiencies of approximately 100 and 98%, respectively (data not shown). Thus, the laboratory strain of B. subtilis used for this study, with an average sporulation efficiency of 58%, is not optimized for the sporulation process, as relatives more recently isolated from the wild exhibit a higher overall sporulation efficiency.
We have demonstrated that B. subtilis populations evolving under strong selection for sporulation do not respond by increasing sporulation efficiency after approximately 5,000 generations of selection, representing more than 800 successive selective events. We propose that this is because the decision to embark on the sporulation pathway is mostly due to intracellular noise. From an evolutionary perspective, this phenomenon seems counterintuitive for the survival of bacterial populations, as they cannot respond to strong selective pressures for such traits. However, a stochastic element in developmental decision making may actually make evolutionary sense in clonal populations of cells capable of a number of response pathways for dealing with environmental stress; phenotypic diversification in this case would increase the probability that a subpopulation of cells would respond to the environment in a manner which increases the likelihood of survival and continued proliferation of the clone. This possible mechanism of adaptation makes sense for B. subtilis, which is normally found in the soil, where environmental conditions are in constant flux. The prevalence and importance of such random responses in nature have yet to be elucidated. a Mutation rates (per base pair per cell division) were calculated on the basis of data from fluctuation experiments (12, 21) with selection for spontaneous resistance to rifampin (50 g/ml). The data were analyzed with a program for calculating mutation rates using the maximum likelihood (developed and kindly provided by Philip Gerrish).
